Abstract. Sulfonic acid-containing Liquid-crystalline polymers (LCPs) were synthesized using potassium 2,5-dihydroxybenzenesulfonate, biphenyl-4,4'-diol, and decanedioyl dichloride in an esterification reaction. Polyaniline (PAN) was doped by the synthesized LCPs to obtain a series of polymer networks. Some electrorheological (ER) fluids were prepared using the synthesized polymer networks and silicone oil. The chemical structure, liquid-crystalline behavior and ER effect were characterized by use of various experimental techniques. The synthesized sulfonic acid-containing LCPs and polymer networks showed nematic mesophase. The polymer networks show higher glass transition temperatures than the corresponding LCPs. The ER effect of the polymer networks suspensions was greater than PAN indicating that a synergistic effect should be occurred between liquid crystalline component and PAN part under electric fields.
Introduction
Electrorheological (ER) effect of functional materials has attracted interest due to its great potential engineering applications, which is commonly referred to reversible rapid changes in electrorheology of fluids on the application of electric fields [1, 2] . The ER fluids are known as a kind of smart material due to a tremendous increase in shear viscosity from a liquid-like to a solid-like state when they are exposed to a relatively high electric field. Typical ER fluids are classified into suspensions of polarizable particles dispersed in non-polar oil and non-particulate liquids such as liquid crystals. For liquid crystal ER fluids, a variety of ER effects are observed depending on the characteristic structures of the respective liquid crystalline phases.
A Lot of high dielectric inorganics, conducting polymers and composites have been investigated for ER materials. Among many semiconducting polymers, polyaniline (PAN) is one of the most favorable semiconducting polymers which have been studied in this field because of its easy synthesis, good environmental stability, low cost of material, high sensitivity to an electric field and continuously tuned conductivity using a doping or dedoping process. By change of inner structures or outer morphologies, many PANs and their derivatives, nanocomposites, core-shell particles, nanospherical or fibrous PAN and etc., have been developed in ER research [3, 4] . Unfortunately, suspension ER fluids including PAN suspensions possess several major disadvantages which have so far kept them from commercialization. The suspensions exhibit particle attrition and settling, especially over prolonged times. Perhaps more significantly, it is still not possible to predict ER suspension properties directly from component properties, composition, and operating conditions. In an effort to overcome disadvantages of suspension ER fluids, non-particulate ER fluids based on liquid crystals, especially liquid crystalline polymers (LCPs), have been studied [5, 6] . However, liquid-crystalline ER fluids exhibit some major disadvantages such as slow response time, low ER effect and rigorous operating temperature, etc.
In this work, novel polymer networks were synthesized by PAN particles and sulfonic acid-containing LCPs in an effort to overcome disadvantages of suspension ER fluids and liquid-crystalline ER fluids. The synthetic reaction route and chemical structures of the synthesized Polymer networks are shown in Fig. 1 .
Experimental

Materials and Measurements
Potassium 2,5-dihydroxybenzenesulfonate, biphenyl-4,4'-diol, and decanedioyl dichlorid were obtained from Beijing HWRK Chemical Co. and used without any further purification. Thermal behaviors were determined by using NETZSCH instruments TGA 209C and DSC 204 (Netzsch, Wittelsbacherstr, Germany) at heating and cooling rates of 10 o C min -1 . A Leica DMRX polarized optical microscope (POM, Leica, Wetzlar, Germany) was used to analyze the anisotropic textures. The ER properties were measured by a NXS-11B rotating viscometer (Chengdu instrument Co., China), WYZ-010 dc high-voltage generator (0-10 kV, 0-2 mA) and oil bath system.
Synthesis LCPs
The liquid crystalline polymers (LCP1, LCP2 and LCP3) are synthesized by biphenyl-4,4'-diol (BP), potassium 2,5-dihydroxybenzenesulfonate (PDS) and decanedioyl dichloride (DDC) which are shown in Fig. 1 , and the polymerization experiments, molecular weight M n and mass fraction of sulfonic acid group in the polymer systems are summarized in Table 1 . 
Synthesis of Polymer Networks
The polymer networks (LCP-Ns) were synthesized using protonated PAN doped by sulfonic acid-containing LCPs, as shown in Fig. 1 . The polymer networks LCP1-N, LCP2-N, and LCP3-N were doped by LCP1, LCP2 and LCP3, respectively. The polymerization experiments and mass fraction in total particles mass are summarized in Table 2 .
Preparation of ER Fluids
The polymer networks were ground using an agate mortar and pestle, and sieved to obtain particles with maximum diameter 50 µm. Three series of 20 V% suspensions were prepared by mixing LCP1-N, LCP2-N and LCP3-N particles with silicone oil (viscosity η = 50 mPa.s, dielectric constant of 2.7-2.9), and their ER behaviors were studied. Before each measurement, all ER fluids were dispersed again by a mechanical stirrer. 
Results and Discussion
Thermal Behavior
Thermal analysis of the polymers was characterized by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA thermograms of the synthesized polymers are listed in Table 1 Phase transitions and phase transition enthalpies of the synthesized polymers were obtained on the second heating scan, which are showed in Table 1 and 2. All the polymers exhibit glass transition and mesophase-isotropic phase transition on heating. For the samples LCP1, LCP2 and LCP3, glass transition temperatures (T g ) and nematic-isotropic phase transition (T i ) raise with increase of sulfonic acid units in the polymer systems. While for the LCP-Ns samples LCP1-N, LCP2-N and LCP3-N, a slight elevation of T g and decrease of enthalpy changes of phase transition may be caused by salt action between LCPs and PANs.
Liquid Crystalline Behavior
The optical textures of the synthesized polymers were studied by use of POM with hot stage. The polymers showed nematic textures when they were heated and cooled. The LCPs containing sulfonic acid groups showed different nematic texters, but the corresponding LCP-Ns showed similar droplets, as shown in Fig.2 . For LCP1 containing a little sulfonic acid unit, eyesight became bright and LC textures appeared when it was heated above 163 o C. The textures appeared vividly, and nematic schlieren textures were showed as the sample was heated continuously. The schlieren texture disappeared at 256 o C, and the sample became isotropic states. For the sample LCP1-N which contains PAN emeraldine salt units, when it was heated, some bright droplets appeared in the dark eyesight. Compared with the LCP1, the polymer network sample LCP1-N showed no schlieren texture, suggesting the optical textures should be influenced by salt action between LCPs and PANs.
Morphology of the synthesized LCPs and corresponding LCP-Ns were examined by scanning electron microscope (SEM). SEM photographs of sulfonic acid-containing polymers LCP3 and corresponding LCP3-N were shown in Fig. 3 . For LCP3, the LCP matrix organizes thick fabrics-like structure containing sulfonic acid-accumulated structures on the surface. After polymerization of PAN in the sulfonic acid-containing system, the morphology of the obtained LCP3-N was much different from that of pure LCP sample. It was observed that the LCP3-N particles were irregular with nearly spherical shapes. Furthermore, aggregation of polymer particles was obvious to be a typical problem for LCP-Ns particles. 
Electrorheological Properties
Rheological properties were determined by a rotating viscometer with a high-voltage generator. All measurements were performed at 150 o C in mesomorphic phase temperature ranges of the LCP-Ns. The ER fluids were placed in the gap between a stationary outer cup and the inner rotor. The anode and cathode of high-voltage generator were connected with outer cup and the viscometer body, respectively. An electric field was applied for 5 min in order to obtain an equilibrium structure before applying the shear. The available shear rate was varied from 0 to 10 3 s −1 . The shear stress behavior of ER fluid prepared by LCP3-N in silicone oil at different electric fields is shown in Fig. 4 . The particle volume fraction of this sample is 20% (v/v). All the ER fluids showed non-linear increases of the shear stress with increasing the shear rate, indicating the ER fluids with such a high particle volume fraction are non-Newtonian fluid even at zero electric field. When an electric field was applied, all the ER fluids exhibited a strong increase in shear stress and the flow behavior becomes like a Bingham fluid with a large yield stress. As the electric field strength increases, the shear stress enhance significantly for all the samples. The shear stress of all the ER fluids increased remarkably compared with that at zero electric field in the low shear rate. Some reasons may be responsible for the high ER effect of the LCP-Ns suspensions. According to the previous investigations, some liquid crystalline materials can show ER effect due to molecular orientation under electric fields [7] . The ER effect observed in LCPs arises from the anisotropy of the mesogen shape and of the attendant electrical properties. A synergistic effect should be occurred among liquid crystalline component and PAN part under electric fields. The anisotropic LCP component should contribute easily to larger longitudinal polarizability of LCP-Ns particles than that of spherical PAN particles, thus results in stronger interparticle interactions. Furthermore, the viscous drag force for a LCP-Ns particle should move perpendicular to the long axis in a fluid resulting in significantly larger ER effect than a spherical PAN particle.
Summary
Sulfonic acid-containing LCPs (LCP1, LCP2 and LCP3) were synthesized by biphenyl-4,4'-diol, potassium 2,5-dihydroxybenzenesulfonate and decanedioyl dichloride in a esterification reaction. Polymer networks LCP1-N, LCP2-N and LCP3-N were prepared by these sulfonic acid-containing LCPs and emeraldine base form of PAN. The ER fluids were prepared using the polymer networks and silicone oil. Compared with LCPs, the synthesized polymer networks show higher T d , slight elevation of T g and decrease of enthalpy changes of nematic-isotropic phase transition due to salt action. Rheological properties of the polymer networks suspensions were studied by a rotating viscometer with a high-voltage generator. When an electric field was applied, all the suspension exhibits a strong increase in shear stress and the flow behavior becomes like a Bingham fluid. As the electric field strength increased, the shear stress enhanced significantly for the LCP-Ns suspensions. The high ER effect of the LCP-Ns suspensions may be due to a synergistic effect between liquid crystalline moities and PAN parts under electric fields.
